One contribution of 15 to a theme issue 'Bioengineering in women's health, volume 2: pregnancy-from implantation to parturition'. Childbirth-related injuries are one of the main causes of pelvic floor dysfunction. To attempt to avoid serious tears during delivery, an episiotomy can be performed. In this study, we intended to investigate the biomechanical performance of the pelvic floor muscles after performing different episiotomies using a physics-based computational model which includes the pelvic floor muscles and the fetus. Previous biomechanical studies have analysed the mechanical effects of single incisions of different lengths; in this study, we intend to analyse the implications of multiple small incisions, evaluating the reaction forces, the stress on the muscles and the loss of tissue integrity sustained by the pelvic floor. The obtained results predict that an episiotomy delivery reduces the likelihood of macroscopic levator trauma by decreasing the stress on the region of insertion of the rectal area of the levator ani in the symphysis pubis. From the mechanical point of view, multiple incisions do not bring benefits compared to larger incisions. However, nothing can be ascertained about the clinical benefit of such an approach.
Introduction
Normal childbirth can cause tears to the vagina and the surrounding tissue, usually during the birth of the fetus head, which may extend to the rectum [1] . It is generally thought that childbirth-related pelvic floor trauma can lead to pelvic floor dysfunction (PFD) such as urinary and/or anal incontinence and pelvic organ prolapse. PFD is common in women, being very debilitating and significantly affecting daily activities and quality of life [2] . According to Wu et al. [3] , the number of women with PFD will be 50% higher in 2050, compared to 2010 [3] . Consequently, corrective surgeries are expected to continue to increase, with a reoperation rate of 30% [4] . Therefore, to avoid perineal lacerations and future disorders, clinicians have recommended routine use of episiotomy for vaginal birth, which is a surgical cut of the vagina and perineum to enlarge the birth canal; however, this intervention guarantees perineal trauma and sutures. This led to selective use of episiotomy in most countries, with the World Health Organization recommending an episiotomy rate of 10% [5] . Episiotomy should be restricted for the situations where there is a clear indication, such as breech delivery and assisted delivery, and fetal distress. According to Nassar et al. [6] , the risk of lacerations can be reduced by modifying the procedure: selecting mediolateral episiotomy rather than midline episiotomy; avoiding an episiotomy before crowning; and prioritizing episiotomy angles ranging from 45°to 60°from the midline. There are, however, no clinical or numerical data showing whether multiple cuts will be beneficial.
In this study, we intended to investigate the biomechanical performance of the pelvic floor muscles after performing different episiotomies using a © 2019 The Author(s) Published by the Royal Society. All rights reserved.
physics-based computational model, which includes the pelvic floor muscles and the fetus. This is a purely mechanistic assessment and as such, speculative, which results in an innovative and out-of-the-box approach. Biomechanical performance was assessed by quantifying the muscle damage, the force required to deliver successfully and the muscle stresses. The overall goal of the present study is to better understand the impact of different episiotomy approaches in order to elucidate the best strategy to follow in the case of a strong indication to use it.
Material and methods

Biomechanical model
A three-dimensional finite-element model of the pelvic region and the fetus developed by our research group was used to perform the biomechanical simulations [7] . It was modelled using hexahedral elements with hybrid formulation (C3D8H), with pelvic floor muscles and supporting structures composed of 32 091 and 8374 nodes, respectively. The model includes the pelvic floor muscles created based on geometric data acquired from one 72-year-old embalmed female cadaver specimen, with no pelvic floor pathology, and whose cause of death allegedly did not affect the pelvic region [8] . Being a very thin structure, a constant thickness of 2 mm was assumed for the pelvic floor muscles. On the boundary conditions issues, the regions connected to the pubic bone, ligament and coccyx were fixed (figure 1). The three-dimensional finite-element model of the fetus was considered as a deformable body, but with very high stiffness. The fetal head dimensions are in accordance with the literature for a full-term fetus, being the principal diameters of the following: suboccipitobregmatic diameter, 9.5 cm; occipitofrontal diameter, 11.5 cm; submentobregmatic diameter, 9.5 cm; suboccipitofrontal diameter, 10.5 cm and mentovertical diameter, 13.0 cm [9] . A delivery with the fetus in vertex presentation and occipitoanterior position was simulated, involving the fetus movements of descent and controlled head extension. All the other movements were only imposed by the contact constraints of the pelvic floor and the surface created to impose the limits that are anatomically constrained by the anterior region of the birth canal and the pelvic bones. Although not an anatomical feature, this surface is numerically essential to ensure contact surface between the fetus head and the pelvic bones, improving the convergence of the simulation. For all contact pairs-fetal head/ pelvic floor muscles and fetal head/surface-the coefficient of friction was considered zero, which mimics the lubrication of the internal walls of the birth canal [10] . The simulations were performed using the implicit version of the Abaqus ® software.
Constitutive laws of the finite-element model
An accurate constitutive model of the pelvic floor muscles relies on good knowledge of the anatomy and full characterization of the mechanical behaviour of the pelvic floor. The soft tissues of the pelvic floor are considered as nonlinear, incompressible, anisotropic and time-dependent materials. Vila Pouca et al. [11, 12] analysed the time-dependent behaviour of the pelvic floor muscles during delivery and confirmed that it influenced the delivery outcomes; however, the time dependency was neglected in the present work [11] . The pelvic floor muscles were then modelled as quasi-incompressible transversely isotropic hyperelastic solids [13, 14] . The strain-energy density function W is defined by:
where
is the extracellular matrix contribution, which endows the tissue with resilience,
is the first invariant of the isochoric right Cauchy-Green deformation tensor and c and b are constants.
is the strain-energy function of the isochoric fibre contribution, which considers a passive elastic part, W fPE , and an active part, W fSE , due to muscle contraction. During delivery simulations, the internal variable α ∈ [0, 1], which defines the level of muscle activation, is set to zero since it is presumed that the muscles are fully relaxed due to the effect of the administered epidural anaesthesia [15] , consequently,
represents the stretch ratio of the muscle fibres, which have the direction of the unit vector N. A and a are constants.
represents the volumetric contribution and enforces the incompressibility condition. J = det(F) is the volume ratio, and F ¼ @x=@X is the deformation gradient, which represents the transformation through the motion of a material element in the reference position, X, to a material element in the deformed configuration, x. D is a constant.
Evaluation of the damage to the pelvic floor
When simulating a vaginal delivery, it is important to analyse the damage phenomenon which starts when the strain exceeds a specific limit (figure 2), leading to a decrease in tissue stiffness. A damage model was then included in the constitutive model, allowing the determination of the onset of damage and its most likely location. The strain-energy density function defined above (equation (2.1)) then took the following form: royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190027 material [17] :
, ð2:6Þ [18] , as fully described in [19] .
Introducing episiotomy technique
In the present work, several approaches of mediolateral episiotomies were simulated. The mediolateral episiotomy, the type of episiotomy most commonly used in Europe [20] , extends from the posterior fourchette mediolaterally towards the direction of the ischial tuberosity, with a total length of around 60 mm [21] . The same procedure used by Oliveira et al. [7] was applied in the present work to introduce the different incisions in the computational model. That is, a group of previously selected elements were removed from the original model through the Abaqus ® command 'model change', eliminating the influence that these elements had on the remaining model. When removing a set of elements representing the incision, a geometric singularity is created at the incision neck; however, local mesh refinements showed that the most significant parameters in the analysis of labour, i.e. the forces that oppose the descent of the fetus and the muscle damage, do not undergo significant changes. To avoid numerical problems during the removal of the set of elements that mimic the different incisions, the contact pair fetal head/pelvic floor muscles were created without the elements pertaining to the incision sets. A schematic representation of the incision angle (θ) and length (L) considered in the simulations is shown in figure 3a . The variable L refers only to the size of the incision that reaches the pelvic floor muscles, the total length of the episiotomy is always higher than this value. Only a length of 10 mm was considered in the birth simulations. The numerical simulations were performed for three different angles of incision, namely 30°, 45°a nd 60°, since, according to the literature, a variation between 31°a nd 63°for mediolateral episiotomies was observed [22] . To avoid numerical problems during childbirth simulations, the set of elements to mimic each of the incisions was selected following a straight line of elements, instead of following the line of the real angle, as can be seen in figure 1 . However, as the incisions analysed are small, the differences are even smaller. Regarding the time to perform the episiotomy, this should occur after the complete descent of the fetal head, with the perineum considerably thin [23] . In the birth simulations, this moment happens when the vertical displacement of the fetus head is 38 mm, this being the instant in which the incision is introduced in the numerical model [7] . Table 2 summarizes the birth simulations performed in this study. In all the simulations, at least two 10-mm incisions were made, except for the simulation 3C, highlighted in figure 3b, in which three cuts were made at different angles. All incisions were performed in the left side of the pelvic floor muscles, except for the simulations LR30, LR45 and LR60 in which a cut in the right side was also made.
To evaluate the main influence of the episiotomy on the behaviour of the pelvic floor muscles during labour, tissue damage, vertical and anteroposterior reaction forces and maximum principal stress were evaluated. The percentage of tissue damage was computed considering the ratio between the volume of the elements presenting complete fibre (D f = 1) or matrix (D m = 1) damage and the volume of the elements representing the pelvic floor muscles (excluding those removed during the episiotomy process). The forces in the vertical and anteroposterior directions, induced by the fetus head on the pelvic floor muscles, were measured as a sum of all the reaction forces in the same direction, considering all the fixed nodes related to the pelvic floor.
Results
For comparison purposes, the results for a vaginal delivery without episiotomy are always included. Figure 4 shows the evolution of the percentage of muscle tissue presenting complete fibre damage during the descent of the fetus head, considering different approaches of mediolateral episiotomies performed at 30°. Only the data referring to the episiotomy performed on both sides of the muscle (LR30°) are from the present study, all other data are from the literature [7] . As observed in figure 4 , episiotomy reduces muscle damage caused by vaginal delivery, and the larger the incision, the lower the damage. A reduction of more than 10% of the tissue damage is verified when a 10-mm incision is performed, compared to delivery without episiotomy. However, a 10-mm incision on both sides of the pelvic floor Figure 2 . Schematic of the soft tissues tensile response: (A) breaking of the ties between the fibres and the matrix, (B) fibre rupture at strains higher than the fibre elongation, (C) rupture of the whole fibrous network and tissue failure. royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190027 muscles did not induce a 50% reduction in muscle damage, compared to a 10-mm incision performed on one side of the muscle (left side). From the results presented, it can be concluded that small incisions at 30°on both sides of the muscle are not favourable. Especially if we consider that doubling the size of the incision from 10-to 20-mm, the damage reduction is greater than 50%, going from 26.3% to 11.1%. By tripling the size of the incision (from 10-to 30-mm), the reduction of muscle damage is almost 95%, going from 26.3% to 1.73%. When looking at the episiotomies at 45°(figure 5), one can see that the behaviour is identical to that observed for episiotomies at 30°, the main difference being the amount of muscle damage as a function of the approach followed. When a 10-mm incision is performed, the tissue damage is 27.2%, the damage reduction being less than 9% compared to normal delivery. If the small incision is performed on both sides, the damage reduction is again less than 50%, compared to the 10-mm incision performed only on the left side of the muscle. Again the double incision was not favourable. However, as far as muscle damage is concerned, it is interesting to note that if the cut is performed on both sides of the muscle, there is almost no difference between the angle of the incision being 30°or 45°. The results also show that when the episiotomy is done at 45°, doubling the size of the incision (from 10-to 20-mm) does not induce a 50% reduction in muscle damage. Tissue damage dropped from 27.2% to 14.0%.
Episiotomies at 60°present an identical behaviour to the episiotomies previously analysed (figure 6). The greater the length of the incision, the greater the muscle reduction. Also, the double incision shows less muscle reduction than the 20-mm incision. From the obtained results, it is verified that episiotomies at 60°will be indicated less because it induces a smaller reduction in tissue damage. When a 10-mm incision is performed, the tissue damage is 28.0%, the damage reduction being around 6% compared to normal delivery (29.9%). If the small incision is performed on both sides of the muscles, the damage reduction is just over 20%, compared to the 10-mm incision performed on only one side. Again, a double incision does not seem to be warranted, the muscle reduction being much lower than that achieved by changing the angle of the incision to 30°or 45°. Doubling the extension of the incision from 10-to 20-mm induced a muscle damage decrease of only 30.7%.
In addition to the incisions performed on both sides of the muscle, the effectiveness of two small cuts (10 mm), at different angles, on the same side of the muscle was also analysed. For comparison purposes, table 3 presents the percentage of tissue damage obtained when performing 20-mm mediolateral episiotomies [7] . Table 2 . Identification of the simulations performed according to the abbreviations regarding the angle and position of the incisions. In all numerical simulations, L = 10 mm. 3C: three cuts; E3045: episiotomy at 30°and 45°; E3060: episiotomy at 30°and 60°; E4560: episiotomy at 45°and 60°; LR30, LR45 and LR60: episiotomies at 30°, 45°and 60°, respectively, in the left and right sides.
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Regardless of the selected cutting angles, the reduction in damage when performing two 10-mm incisions is always less than the reduction achieved when performing a 20-mm incision. With two 10-mm incisions, the lowest tissue damage achieved was 20.1%, being 9.8% less than that obtained without episiotomy, and 9% greater than that obtained with the best cut of 20-mm (11.1%).
The last analysed situation was the completion of three small cuts of 10-mm in the muscle at 30°, 45°and 60°. To perceive if this approach would be better than performing more extensive cuts, literature results for 30-mm incisions at 30°, 45°and 60°are also presented in table 4 [7] .
Once again, the reduction in damage when performing three 10-mm incisions is always less than the reduction achieved when performing a 30-mm incision. With three 10-mm incisions, the lowest tissue damage achieved was 15.2%, being 14.7% less than that obtained without episiotomy, and 13.5% greater than that obtained with the best cut of 30-mm (1.7%). Figure 7 compares the portion of injured muscle tissue, represented in dark grey, when performing a double royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190027 (figure 7a) and a triple incision (figure 7b). From previous work [7] , the best situation of a delivery with a single 10-mm incision results in 26% of the muscle damaged. According to the results of this work, and comparing with a small single incision, a double incision can lead to a 6% reduction of muscle damage, and a triple incision can reduce the damage by more than 10%.
To evaluate the main influence of the episiotomy on the behaviour of the pelvic floor muscles during delivery, the forces that oppose the descent of the fetus were analysed. Figure 8 presents the forces in the vertical direction exerted on the pelvic floor muscles during the descent of the fetus, considering vaginal deliveries with different approaches of mediolateral episiotomies at 30°. Analysing the graph of figure 8 , it is verified that after the incision, at 38 mm of descent of the fetus, there is a marked reduction of the force value, reaching the peak of force for a descent between 42 and 45 mm for the simulations of 10-and 30-mm incisions and double incision, and between 50.5 and 51.8 mm for the simulations of labour without episiotomy and with a 20-mm incision. Delivery without episiotomy had the highest force opposing the descent of the fetus (68.8 N), and delivery with a 30-mm incision had the lowest amount of force (42.0 N). When the incision was performed on both sides, the maximum strength value recorded was 53.2 N.
The forces in the anteroposterior direction exerted on the pelvic floor muscles during the descent of the fetus head for different extensions of episiotomy are shown in figure 9 . Once again, a marked reduction of the force value is observed after performing an episiotomy. Regarding the maximum amount of force, the peak was reached for descents of the fetus head between 67.4 and 68.8 mm for the simulations of labour without episiotomy and with a 30-mm incision, and between 71.5 and 72.5 for the simulations of 10-and 20-mm incisions and double incision. Delivery without episiotomy had the highest force opposing the descent of the fetus (211.0 N), and delivery with a 30-mm incision had the lowest amount of force (100.9 N). When the incision was performed on both sides, the maximum strength value recorded was 179.5 N. Figure 10 presents the stress measured along the defined curve in the pelvic floor muscles for a vertical displacement of the fetus head of 60 mm considering different approaches of mediolateral episiotomies performed at 30°. From figure 10 , a decrease in stress can be observed when an episiotomy is performed, as well as a shift of the peak stress recorded in the posterior area of the pelvic floor muscles. Regarding the medial region of the pelvic floor muscles (normalized length between 0.3 and 0.7), the maximum stress value was verified for delivery without episiotomy (5.85 MPa), followed by the 10-mm incision (3.51 MPa), the 20-mm incision (1.82 MPa), the double incision (1.35 MPa) and finally the 30-mm incision (1.11 MPa). Considering the whole muscle, regardless of the analysed case, the maximum principal stress was observed at the insertion points in the symphysis pubis, varying between 5.83 and 10.93 MPa on the right side of the muscle and between 3.48 and 5.84 MPa on the left side.
The distribution of the maximum principal stresses for a vertical displacement of the fetus head of 60 mm and different approaches of incisions are shown in figure 11 . It can be observed that the distribution of the maximum principal stresses varies according to the selected episiotomy approach and that the concentration of stresses occurs mainly at the tip of the incision. To reduce the effect of the stress singularity in masquerading the remaining stress values, the contour plot for the stress was limited to a maximum of 15 MPa.
Discussion
Although they are durable under physiological loads, biological soft tissues are susceptible to load-induced damage and ultimate failure, as may occur during vaginal delivery [24] . Episiotomy emerged then as a technique to facilitate delivery, increasing the vaginal birth conduit, avoiding eventual tissue damage and complications to the fetus. The aim of the present study was to assess the effect of multiple small mediolateral episiotomies on the pelvic floor muscles during a normal vaginal delivery by using a three-dimensional computational finite-element model. Computational methods are often essential for studying tissue damage and failure given the complexity of tissue geometry and material properties [25] .
Previous simulations predict that episiotomy protects the pelvic floor muscles, avoiding some of the expected muscle damage during normal labour [7] . Moreover, the more difficult the labour, the more significant are the outcomes with episiotomy [26] . In turn, the model was used to test whether it would be more beneficial to perform multiple cuts, avoiding larger cuts, was not confirmed from the mechanical point of view. However, we cannot confirm the [7] . noEPI, no episiotomy performed; E3045: 10-mm incisions at 30°and 45°; E3060: 10-mm incisions at 30°and 60°; E4560: 10-mm incisions at 45°and 60°; E30, E45 and E60, 20-mm incisions performed at 30°, 45°and 60°, respectively. royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190027 achieved when performing a 20-mm incision was always higher. As expected, the combinations that showed the best results were those that included an incision made at 30°. One situation that we want to consider in the future is the risk of additional laceration by making small cuts (10 mm) at small angles (30°). Although the episiotomy at 30°seems favourable compared to the other angles analysed, if there is additional laceration it may affect the anal sphincter, increasing the risk of PFD. Obstetric anal sphincter injury is the main cause of anal incontinence in young women [27] . Considering the double incision, the lowest value of tissue damage was obtained when cutting at 30°and 45°. However, the damage value obtained (20.1%) was almost 1% higher than the worst case of single incisions of 20 mm (19.4%, episiotomy at 60°), and 9% higher than the best case analysed (episiotomy at 30°). The results of the three 10-mm incisions were compared with 30-mm incisions performed at 30°, 45°a nd 60°and it was observed that the reduction in damage was less than that obtained with larger cuts. The tissue damage obtained with triple incision (15.2%) was 4.1% higher than the worst case of single incisions of 30 mm (11.1%, episiotomy at 60°), and 13.5% higher than the best case studied (episiotomy at 30°).
In humans, much of the validation is not possible for ethical reasons, so one way of assessing the simulations is by the force required for labour to occur, comparing with the values of the traction force applied to the fetal head during an operative delivery, either by forceps (200 N) or by vacuum device (up to 113 N) [28] . As observed in [7] , double incisions also reduced the forces opposing the descent of the fetus through the birth canal, with a maximum force value of 179.5 N, being near the traction force applied by forceps.
The performed simulations of childbirth predict that the occurrence of a traumatic dislodgment of the puborectalis muscle from its bone insertion, which is the most common form of macroscopic levator trauma [29] , is much less likely in an episiotomy delivery. The region of insertion of the rectal area of the levator ani in the symphysis pubis is the one with the highest stress values, and lower stress values were observed during episiotomy deliveries compared to normal delivery. During normal labour, the maximum principal stresses observed were 10.93 and 5.84 MPa, on the right and left sides, respectively. Performing a double incision at 30°on both sides of the muscle, the maximum principal stresses decrease to 8.80 and 5.20 MPa, on the right and left sides, respectively. Larger incisions allow an even greater reduction of the stress values. Compared with normal delivery, a 30-mm incision at 30°induces a reduction of the maximum principal stresses of 40.4% (3.48 MPa) and 46.6% (5.83 MPa) on the right and left sides, respectively. Looking at the distribution of the maximum principal stresses, it is verified that the higher values of stress are confined to the tip of the incisions, especially notable for large incisions. To better understand the impact of different approaches of episiotomies, we should also take into account the growth of the incision. Owing to the nature of the material being modelled, it may not be possible to follow the stress intensity factor and therefore we cannot consider the possibility of muscle tears that would be quite traumatic, especially for incisions at 30°, since it could affect the anal royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20190027 sphincter with serious consequences for women's health, as stated above. Regardless of the strategy followed, performing an episiotomy appears to reduce tissue damage, force required for delivery and muscle stress, especially important in regions where traumatic dislodgment of the muscle is likely. Despite the immediate benefits of such a procedure, it is necessary to evaluate the long-term implications of intrapartum care, especially as episiotomies are associated with a slower and less complete recovery of pelvic floor muscle strength [30] . After an episiotomy, the growth and remodelling process results in changes in the local properties of the pelvic floor muscles (structure and composition). In order to elucidate how the post-episiotomy influences the mechanical behaviour of the pelvic cavity, a structural constitutive model including the remodelling process is required in future works.
To avoid muscle damage, multiple small perineal mediolateral incisions could be performed; however, this would be an even more controversial procedure than the episiotomy itself, and such procedure would have to be approved from patients and the medical community. As such, proving that this would not be a procedure that would bring benefits was quite important. In addition, sometimes it is not easy to perform one quick cut, let alone two or three at the same time.
The present study has some limitations, such as the modelling of anatomical structures from geometric data collected from an embalmed female cadaver specimen, and the modelling of the pelvic floor muscles as a unique structure with uniform thickness. Morphological information obtained by magnetic resonance imaging and ultrasonography may help to improve these models, making them more real. The pelvic floor muscles are thin structures, the iliococcygeus muscle being the thinnest. The biomechanical behaviour of the muscles is affected by their thickness, so a difference in thickness between the pubovisceral muscle and the iliococcygeus muscle could lead to slightly different results. It is important to point out, however, that all simulations are based on the same assumptions, as such, the differences found only relate to the cutting approach followed.
Although preferably used as a last resort, the idea of using three-dimensional models to teach this type of procedure, noting how it affects pelvic musculature, is an important complement to traditional teaching methods. Simulation training allows the practice and preparation of a wide variety of procedures performed in the field of obstetrics and gynaecology. As such, the development of increasingly accurate three-dimensional models is mandatory to enhance physician confidence and skills, particularly in rare interventions [31] . In order to ensure the accuracy and reliability of these three-dimensional models, appropriate verification and clinical validation are essential [32] , which should include the experimental validation of individual tissues and the system as a whole. As stated in previous work, it is possible that the calibration of the model with experimental data from specimens that do not adequately represent the behaviour of the material in vivo and during gestation/labour has led to an apparent independence of the damage with the stretch rate and the prediction of high amounts of tissue damage [12] .
Conclusion
Vaginal delivery is a complex problem, combining several variables that can influence the outcomes. Pelvic floor disorders are one of the negative outcomes that may arise from vaginal delivery and biomechanical investigations are recognized as necessary to further understand the delivery mechanisms. Computational modelling and simulation of childbirth are a great promise to obtain mechanical insights related to vaginal delivery, improving the diagnosis and treatment of PFD. Such models can reveal internal muscle forces, tissue damage and strain for a wide range of scenarios. The finite-element model of the present work used to simulate vaginal deliveries with the fetus in vertex presentation shows a purely mechanical and as such speculative evaluation of different approaches of mediolateral episiotomies. An appropriate clinical validation of these models and simulation results is therefore necessary. Funding. This work was supported by the Portuguese Foundation of Science under grant no. IF/00159/2014, and project 030062 SIM4SafeBirth-a biomechanical approach to improve childbirth outcomes, co-financed by Norte's Regional Operational Programme (NORTE2020), through the European Regional Development Fund (ERDF).
